We describe the characteristics and performance of a camera system, Spectral energy distribution Camera for Quasars in Early Universe (SQUEAN). It was developed to measure SEDs of high redshift quasar candidates (z 5) and other targets, e.g., young stellar objects, supernovae, and gamma-ray bursts, and to trace the time variability of SEDs of objects such as active galactic nuclei (AGNs).
Introduction
Slit-less spectroscopy using a prism or a grism is an effective technique for wide-field survey to obtain multi-object, low-resolution spectra (Crampton et al. 1989; Hickson et al. 1994 ). However, this method has the disadvantages of a bright sky background and overlapping spectra in crowded fields. Multi-object spectrographs employing optical fibres or multiple slits can reduce the sky background, but have a limitation that a only relatively small number of objects can be simultaneously observed (Hickson et al. 1994) . Recently, multi-color broad-band photometry methods have been applied to classify objects into galaxies, quasars, and stars of various kinds and to estimate their redshifts (Drinkwater 1988; Koo 1985; Loh & Spillar 1986; Richards et al. 2001 Richards et al. , 2009 Wolf et al. 2001a,b) .
However, the limited number of wavelength bands and wide filter widths allow us to do only a rough classification of objects and achieve redshift estimates of a few % or worse (Kang & Im 2015; Kim et al. 2015b ; Lee et al. 2015; Wolf et al. 2001a,b) .
In order to overcome the above short-comings of broad-band imaging or multi-object spectroscopy, Hickson et al. (1994) proposed a technique, intermediate between the extremes of multi-color and multi-slit observations, that involves imaging through sequential series of medium or narrow-band filters. One clear advantage of medium-band use can be highlighted as follows. The medium-band imaging can trace the continuum spectral energy distribution (SED) shapes of galaxies and quasars much better than broad-band observations, which improves object classification and photometric redhshift measurements.
For example, Classifying Objects by Medium-Band Observations (COMBO-17; Wolf et al. 2003a,b) used seventeen medium-band filters and produced a catalog of galaxies and quasars with photometric redshift errors of dz/(1 + z) ≃ 0.01 for bright galaxies (Wolf et al. 2008) .
Following the same philosophy, the Advanced Large, Homogeneous Area Medium-Band Redshift Astronomical (ALHAMBRA) survey was performed using medium-band optical filters from 350 nm to 970 nm and standard broad-band filters of J, H, and K in the nearInfrared (NIR) wavelength range (Aparicio-Villegas et al. 2010; Matute 2013; Moles et al. 2008 ). The photometric redshift errors can be improved even more to the 0.3% level by using more medium-band filters (Benitez et al. 2014) . The Cosmic Evolution Survey (COSMOS) used 30 medium-band and broad-band filters, and they also reported that the use of many filters enables them to achieve photometric redshift accuracy of the 0.7% level for galaxies (Ilbert et al. 2009 ). High precision photometric redshifts can be used for cosmological study of large scale structures. Medium-band dataset even allows measurements of photometric redshifts to the 1% level for quasars (Jeon et al. 2016; Wolf et al. 2008) . Because of these advantages, several surveys adopted this approach in the last decade (Benítez et al. 2009a,b; Ben-Ami et al. 2012; Davis et al. 2003; Hickson & Mulrooney 1998; Taniguchi 2005; Wolf et al. 2001a,b) .
Another advantage of medium-band filter observation is its potential for tracing broad spectral features such as broad emission lines of quasars. Quasars, regardless of their redshifts, typically have broad emission lines with full width at half maximum (FWHM) of a few thousand km s −1 or more (e.g., Jun et al. 2015; Kim et al. 2015a ) which matches nicely the width of medium-band filters. For that reason, flux measurements of emission lines and continuum are possible with medium-band observation, and this enables time series study of quasars, such as the reverberation mapping (e.g., Kaspi et al. 2000) to measure black hole masses in quasars (see Fausnaugh et al. 2016 for an example of reverberation mapping using broad-band photometry). Strong narrow emission lines of star forming galaxies can be identified for measuring their redshifts and star formation rates too.
From 2010 to 2014, we have been using Camera for Quasars in Early Universe (CQUEAN), an imaging camera with an enhanced sensitivity with a wavelength of 0.7 -1.1 µm with a field of view (FOV) of 4. ′ 7 × 4. ′ 7 at the 2.1 m Otto Struve Telescope of the McDonald Observatory to perform follow-up imaging observations of high redshift quasar candidates (Kim et al. 2011; Lim et al. 2013; Park et al. 2012) . CQUEAN consists of a science camera, broad-band filters, a focal reducer to increase the FOV, and a guide camera system with its in-house control software. In order to implement medium-band filter observation capabilities, we upgraded CQUEAN to SED CQUEAN (SQUEAN) in wheel system that houses a suite of medium-band filters, a new auto guiding system, and new software packages to support new hardware operation. SQUEAN has the virtues of high sensitivity over a wide wavelength range, simple structure with twenty exchangeable filters and a wide compatibility with variable camera systems. With this upgrade, we are now performing low resolution spectroscopy observation (i.e., medium-band imaging) of faint quasar candidates at z > 5 (z ∼ 23 AB mag) that have been identified in the Infrared Medium-deep Survey (IMS; e.g., see Kim et al. 2015a ) and medium-band reverberation mapping of lower redshift quasars. The use of SQUEAN allows us to identify and measure redshifts of faint quasars at a moderate exposure time using 2-m class telescopes, which, otherwise, requires time-expensive spectroscopy with 8-m class telescopes.
In this paper, we present an overview of SQUEAN and its performance based on test observations. In Section 2, we describe the design, structure analysis, control software, and performance of SQUEAN. We report the initialization of a filter wheel and the stability test results in Section 3. Section 4 details the system performance. Finally, a summary is presented in Section 5.
Instrument Description
2.1. System Architecture Figure 1 shows the system architecture of SQUEAN, which consists of the science, the auto guiding, and the supporting parts. Figure 2 shows SQUEAN on the Cassegrain focus of the 2.1 m telescope (see Figure 2 ). In the science part, the focal reducer and the CCD camera are from the components of CQUEAN (Kim et al. 2011; Lim et al. 2013; Park et al. 2012 ), but we designed and fabricated a new filter wheel that can house twenty medium-band filters. The new auto-guiding system is attached to the finder scope of the main telescope (see the description of the preliminary system in Choi et al. 2015) , since the new, large filter wheel obstructs the off-axis light that were previously used in the CQUEAN auto-guiding system (Kim et al. 2011) . It consists of an optical CCD camera and a filter wheel that contains Johnson BV RI filters and a block filter. Using this filter wheel and a guide CCD camera, the auto-guiding system can also be operated independently for its own science programs.
Filters
SQUEAN includes nine medium-band filters that cover wavelengths from 600 to 1,050 nm, each having 50 nm width, spaced at 50 nm apart from the adjacent filter. Photometry with these medium-band filters corresponds to spectroscopy with a resolution of R ∼ 15, and can trace SEDs of various objects better than broad-band photometry. The usefulness of the medium-band filters for the selection and redshift measurement of high redshift quasars has been demonstrated in Jeon et al. (2016) .
The medium-band filters are all commercial off-the-shelf products from the Edmund Optics Inc. We name the filters using a combination of the letter "m", the initial of "medium", and their central wavelengths in nm, e.g., m625, m675, and m1025. Diameters and bandwidths of all the filters are 50 mm and 50 nm, respectively, except for filters with the central wavelengths at 925 nm due to the product availability. For the 925 nm central wavelength filter, we use m925s and m925n filters. The m925s filter has a diameter of 25 mm and a bandwidth of 50 nm. The m925n filter has a diameter of 50 mm and a bandwidth of 25 nm.
In addition to the series of the medium-band filters, we include broad-band filters, i.e.
CQUEAN filters (g, r, i, z, Y , iz and is) and Johnson-Cousin BV RI filters. The detailed specification of CQUEAN filters are given in Park et al. (2012) . The Johnson-Cousin BV RI filters are 50 × 50 mm, in size and manufactured by Astrodon 1 . Note that each filter is mounted on its own cartridge. This makes the installation of the cartridge simple and we can exchange filters during observation. Also, it enables the filter wheel to accept filters with various sizes and shapes for customized usage of the system. Figure 3 shows the transmission curves of the medium band filters, which were measured using a spectrophotometer, Cary 400 (Varian Inc.
2 ). As shown in Figure 4 , we also checked the transmission curves of the filters for the incident angles of 5
• , 10
• , and 15
• . The transmission curves are shifted to a shorter wavelength when the incident angle is increased. The shift of the transmission curve is less than 2 nm for the incident angle of 5
• and increases in proportion to the incident angle. But the maximum incident angle deviation of SQUEAN optics is 4.3
• and the wavelength shift is negligible for SQUEAN's 50 nm width filters. Figure 5 shows the transmission curves of the broad band filters, which were measured using a spectrophotometer Cary 100 (Varian Inc.
2 ) in McDonald observatory. Because of the measurement limits of the machine, the available transmission curves of iz and z filters are cut at 900 nm.
Filter Wheel
The primary improvement from CQUEAN to SQUEAN is a new large filter wheel that can house twenty filters with a square size of 50 mm × 50 mm. Figure 6 indicates the cross-section of the filter wheel. In order to satisfy the flange focal length of the focal -8 -reducer, the thickness of the filter wheel is limited to within 21 mm. The thicknesses of the outer box and the cover of the filter wheel are 5 mm and 3 mm, respectively. The gaps from the carousel to the outer box and the cover are 1 mm. Because the thickness of the cartridge cover is 1 mm, the maximum thickness of the filter is limited to 10 mm. The mechanical structure is modularized into three parts: (1) the filter wheel box, which is comprised of the outer box, the cover for a focal reducer, a CCD adaptor and a window to replace filter cartridges and filters; (2) the control electronics, i.e., a step motor, a planetary reducer, an optical sensor and a chopper; and (3) the rotating disk module, i.e., a carousel, interchangeable cartridges, and filters. The filter wheel can be attached to various CCD cameras and telescopes by simply replacing the adapting plates. In addition, the exchange of filter cartridges is possible without disassembling the filter wheel from the telescopes and cameras.
As shown in Figure 7 , the carousel is designed to install twenty normal or ten large interchangeable cartridges. The normal cartridge can be assembled with filters of less than 10 mm thickness and a 50 mm × 50 mm size. The largest cartridge can be associated with the filter size up to 86 mm × 86 mm.
The filter wheel and its components are designed densely but very thinly by the thickness restriction. The heavy components such as filters are assembled at the edge of the carousel. The flexures of the filter wheel and the carousel cause the tilt of the optical axis and degenerate the optical performance. To check the flexure of the filter wheel components due to self-weight, we performed finite element analysis (FEA). The critical deformed components are the carousel and the outer box. With a thickness of 10 mm, the carousel axis is attached to the top of a planetary reducer and its outer surrounding edge holds many cartridges and filters. The diameter of the outer box is 520 mm and the thinnest thickness is 5 mm. We place the carousel 1 mm above the outer box and 2 mm below the cover to prevent mechanical collision. Figure 8 shows the analysis results, and the estimated maximum flexure of the filter wheel is 32 µm, which is much smaller than the gap between the carousel and the outer box. This error corresponds to the tilt angle of 0. ′ 5 in the optical axis, which does not affect the optical performance of SQUEAN.
Instead of a conventional bearing and chain system, we selected the step motor and the planetary reducer to drive the filter wheel. The step motor includes an encoder for accurate positioning of the filters. This selection allows a simple and efficient mechanical design. We also used the optical sensor and the chopper in lieu of mechanical sensing for initial positioning of the filters. To facilitate replacement of the sensor system in case of malfunction, we isolated the sensor box from the outer box.
Control Software
As shown in Figure 1 , the new control system of SQUEAN is composed of four software KAP82 replaces the agdr (the old CQUEAN auto-guiding software), and it operates on the Seoul PC. Originally, KAP82 was written in Python on a LINUX platform, which was originally named CAP, as in Choi et al. (2015) , but then it was redeveloped with Visual C++ on Microsoft Windows. It was developed on the basis of the auto-guiding software package for the Immersion GRating INfrared Spectrograph (IGRINS) slit viewing camera (Kwon et al. 2012; Park et al. 2014 ). The GUI of KAP82 was designed to be similar to that of the previous auto-guiding software package to minimize confusion.
KFC82 is a GUI program that is written in Visual C++ and also runs on the Microsoft
Windows operating system. The filter wheel can be controlled by two GUIs: the KFC control panel and SMOP control panel. The KFC82 control panel provides functions for the calibration, the initialization, and the test of the filter wheel. In this panel, we can control and check the status of the filter wheel. We can also edit the filter list on this panel.
During observation, KFC82 can be controlled by the the main control panel of SMOP, so the observation sequence script of SMOP can automatically select the filters. Figure 10 describes the software sequence map. The observation process is conducted in four phases:
Operation Scenario
(1) The first is the observation preparing phase. SMOP connects with science CCD, KFC82, and Track82, while KAP82 is linked to Track82 and guiding CCD. Both SMOP and KAP82
receive the right ascension (R.A.) and declination (Dec) information from Track82 and start the CCD cooling. KFC82 also starts the initialization of the filter wheel.
(2) The second is a target pointing phase. An observer types the target coordinates to Track82 to move the telescope to the target. Track82 transfers the coordinate information by the request of SMOP. After the target is acquired, the observer selects the filter and SMOP takes a test image to confirm the target.
(3) In the third phase, an observer selects a guide-star through KAP82, and KAP82 starts guiding on the star. KAP82 continuously communicates with Track82 to check the R.A, DEC information and its offset.
(4) In the fourth phase, the SMOP starts the observation with an appropriate exposure time. Figure 11 shows the initial filter mask (IFM) that is used to test the stability of the filter wheel movement. IFM also allows an observer to calibrate the filter wheel with high accuracy. Figure 12 
Calibration and Stability Test
We applied a least square solution to estimate the solutions in Equation 1, and the center of the filter (x C ) is calculated by Equation 2. Figure 13 shows theĨ(x) and its first derivative. We can also check the center of the filter for the y-direction, which represents the manufacturing and assembly accuracy of the filter wheel.
We also checked the stability of the filter wheel in the laboratory, as well as during an engineering run of SQUEAN on-site. The result shows that operation of the filter wheel is very stable and the shift in the filter wheel position after the wheel movement is unmeasurable (≪ 1 pixel).
4. Sensitivity Figure 14 shows throughput curves for this system. We measured the throughput of the focal reducer by comparing dome-flat images with and without the focal reducer. The reflectivity of the telescope mirrors and the CCD quantum efficiency (QE) come from the data presented in Table 5 of Park et al. (2012) . The total throughput, τ total , is defined as follows:
where τ tele is the reflectivity of the telescope, τ f r is the throughput of the focal reducer, and τ qe is the QE of the CCD. We found that the total throughput of SQUEAN is 0.4 -0.6 in the wavelength range of 700 nm -900 nm, while it is less than ∼0.2 for λ < 600 nm and ∼0.3 for λ > 950 nm. Based on the estimated throughput of the system, we calculated the expected limiting magnitude of each filter to compare with the limiting magnitude from the standard star observations. The limiting magnitude is defined as the 5-σ detection limit of a point source under a 1-hour total integration time and 1. ′′ 0 seeing condition. We assumed that the sky background noise limit was the dominant noise source and estimated the limiting magnitude using Equation 4 from McLean (2008) . The sky background data were obtained on 2015 May on a bright night.
where, τ total is the total throughput, τ f ilter is the transmission of filter, A tel [cm 2 ] is the telescope aperture, f aper is the fraction of flux of a point source that is contained within a given aperture,
] is the flux from the zeroth magnitude standard star of the AB magnitude system (Oke & Gunn 1983) , h is Planck's constant, c is the speed of light, g [electrons/DN/sec] is the gain, B [DN/sec/pixel] is the average sky background, S/N is the signal to noise ratio, n pix is the number of pixels covered by a circular aperture with a seeing size diameter of 1. ′′ 0, and T is the total exposure time. For a point spread function with a Gaussian profile, we adopted f aper = 0.76 for an aperture diameter of FWHM.
We also directly measured the limiting magnitude using the data that were obtained from 2015 February and 2016 February. We derived limiting magnitudes of 23.3 -25.3 AB mag during dark times for a 1-hour total integration time with a 5-σ detection limit under
1.
′′ 0 seeing condition. Here, the detection limits were determined from the sky background sigma, within an aperture with a diameter of the FWHM for a point source. Aperture correction was applied for the signal loss due to the use of a finite size aperture.
In Table 1 , we list the limiting magnitudes. Overall, the limiting magnitudes from different methods roughly agree with not only each other, but also the values presented in Jeon et al. (2016) and Park et al. (2012) .
Summary
In order to perform medium-band observation of objects in NIR, we developed SQUEAN, an SED camera system that is an upgraded version of CQUEAN and is installed at the Cassegrain focus of the 2.1 m telescope at the McDonald Observatory, USA. SQUEAN consists of an on-axis focal plane camera module, an auto-guiding system, and mechanical supporting structures. SQUEAN also contains its in-house GUI software packages. The primary improvement from CQUEAN to SQUEAN is the large filter wheel that can house twenty filters and its new software packages. We employed eleven medium-band filters for medium-band photometry, which can be an efficient selection strategy to find high-z quasars compared to broad-band photometry. In addition to the medium-band filters, the filter wheel currently includes broad-band filters, i.e., CQUEAN filters and Johnson-Cousin BV RI filters. The filter wheel has a flexibility of housing filters up to 86 mm × 86 mm, thanks to the usage of filter cartridges. A finite element analysis of the filter wheel shows that the flexure of the filter wheel is at most 32 µm, which is much smaller than the minimum space between the carousel and the outer box. The filter wheel control package (KFC82) was newly developed, and the main observation software package (SMOP) and auto-guiding package (KAP82) were revised. The filter wheel check with the initial filter mask shows that the filter position error is much less than 1 pixel during one night observation. We derive the 5-σ detection limits of 23.3 -25.3 AB mag with a 1-hour total integration time, making it possible to observe faint, distant objects such as high redshift quasars.
We expect that SQUEAN will find a wide range of applications in astronomical research. Examples include the identification of high redshift quasars and brown dwarfs (Jeon et al. 2016) , improvement of photometric redshifts of distant galaxies, reverberation mapping of active galactic nuclei, and studies of young stellar objects. a Expected limiting magnitude that was estimated using background limit.
b Derived using observation of a standard star on 2016 February.
c Measured using observation of a standard star on 2015 February. 
